Abstract: Mechanical properties of machined components are controlled by inducing phase transformations in the outer layer of the materials. Induction hardening is one such manufacturing process where the surface hardness is enhanced while the core is retained with the original structure and characteristics. In this study, a mathematical model had been developed to predict the hardness and the volume fraction of martensite present in the hardened surface. Experiments applying induction hardening were conducted on the following specimen materials AISI 1040, AISI 4140, AISI 4340, AISI 1055, AISI 6150 and AISI 9255. The microstructures obtained from the experiment showed a moderate phase transformation of austenite to martensite. The hardness and the volume fraction of martensite estimated from the experiments were found to match the results of mathematical modeling as well as the theoretical model using regression analysis.
INTRODUCTION
Induction hardening is an important manufacturing process to control the mechanical properties of metal parts where surface hardness is enhanced while the core retains the original structure and toughness characteristics [1] . This is possible by inducing suitable phase transformation in the outer layer of the material. Two types of modification occur when phase transformation takes place while quenching. The first type called metallurgical interaction is kinetic modification which sometimes leads to a different morphology in the phase produced. The second type (commonly called transformation plasticity) is a mechanical modification related to the progress of transformation, and takes place when plastic deformation occurs under [2] stresses lower than the yield stress of the material (Denis, S., et al., 1985) .
The importance of thorough knowledge of the transformation characteristics of steel in the solution of heat treatment and steel selection problems and in the explanation of stress related phenomena has long been realized. It is obvious that for the quick decisions, which are the order of the day, metallurgists and materials engineers cannot undertake expensive and time-consuming metallographic experiments to determine volume fraction of martensite and maximum hardness value obtainable, considering heating and cooling curves relevant to their actual technology and the work material. Instead, they must turn to the literature, but unfortunately the data found, i.e. the chemical composition, grain size, heating and cooling curves indicated on the existing diagrams, differ from those required [3, 4] . It is felt that the most direct assistance to the materials engineers employed in heat treatment industry is to provide them with solution in the form of mathematical models to predict the hardness and volume fraction of martensite at any point in the Induction hardened zone of a given steel *Address correspondence to this author at the Department of Mechanical Engineering, Pondicherry Engineering College, Pondicherry-605014, India; Tel: 91 413 2655281-287, Ext. 252,259; Fax: 91 413 2655101; E-mail: palaniradja72@rediffmail.com component with any composition within the allowed range for the induction hardening steel type. Hence, in this paper a mathematical modeling has been developed to predict the volume fraction of martensite and hardness for the materials considered in the current research [5] .
MODELING OF INDUCTION HARDENING
Modeling of induction hardening is a complex issue which involves numerically solving the Maxwell's equations for electromagnetic field around workpiece, coupled with heat transfer principles for modeling the product thermal process (Nemkov, V.S., and Goldstein, R., 1999). The system is inevitably highly nonlinear because of temperature dependent material properties of workpiece. In the past, more attention of numerical simulation was paid to modeling only certain aspects of the induction hardening problem; little effort has been paid to model the integrated process from heating to final hardening. Numerical simulation of the magnetic field was ever conducted. They provided valuable analysis for the magnetic vector potential which was a very important parameter for eddy current and Joule heat determination. Simulation of induction heating has been carried out and provided models for solving coupled electromagnetic/thermal analysis. Recently, quenching and phase transformation process has been simulated. And the Koistinen-Marburger law and Avrami equation was applied for determination of volume fraction of micro-constituents formed in the quench cooling process. However, few studies have been found to predict the hardness distribution using numerical simulation.
Jiankun Yuan et al., (2003) [6] developed an integrated FEA based modeling system with the capabilities to simulate the electromagnetic field induced heating process, austenite state holding processes, and severe quenching processes. This modeling system helps in determining volume fraction of micro constituent such as martensite formed in the quench cooling process, and final hardness distribution pattern in work piece. However, there is a restriction in using this model because this model involves analysis of interaction of continuous cooling curve with Temperature -TimeTransformation diagram. It must be remembered that cooling curves are difficult to obtain in Induction hardening applications. This is because the exact conditions are difficult to duplicate in the laboratory (Scott Mackenzie., 2002). This paper deals with the model, which may be considered as an extension of Yuan model, developed to predict the volume fraction of martensite theoretically. A Regression model has also been developed to estimate the Hardness in HRA for steel materials, AISI 1040, AISI 4140, AISI 4340, AISI 1055, AISI 6150 and AISI 9255. These models overcome the drawbacks in the modeling system explained above. Experimental validation of the developed model has also been presented here.
MATHEMATICAL MODEL TO PREDICT THE HARDNESS
In order to develop the mathematical model to predict the hardness and volume fraction of martensite for Induction hardening of steel materials (G1 -Material and G2 -Material), Induction hardening experiments have been conducted. Table 1 shows the details about the operating conditions and the materials. 
MATHEMATICAL MODEL TO PREDICT THE VOLUME FRACTION OF MARTENSITE
To predict the volume fraction of marteniste for Induction hardening of materials (G1 and G2 materials) mathematical model has been developed as a part of the current research work. For this modeling work, a computer model given by Yuan et al., (2003) , has been taken into account and extended to make it suitable for the present research work. Yuan et al., (2003) , developed the following mathematical model (equation 7) to predict HRC and Volume fraction of martensite using FEM for the Induction hardened components. HRC = afm 2 + bfm +c (7) where a, b and c are constants and dependent only on carbon content in the materials. Further, it is given that for the materials, In the present analysis the process variables Power potential (P), Scan speed (S) and Quench flow rate (Q) of Induction hardening process are taken for the study of phase transformation, model development, simulation and validation. Further, it is construed that there is a definite relation between the above said process variables with the hardness and volume fraction of martensite of the Induction hardened materials.
In order to develop a mathematical model to predict the volume fraction of marteniste for the materials (Group 2 -carbon content 0.5 -0.6%) using the above mentioned process variables an analysis has been carried out by replacing the constants a, b and c with the optimal process variables P, Q and S (P = 5. 
For the Group 1 materials (carbon content 0.35 -0.45%) the hardness lies in the range 56 -60 HRC (Thelning, K.E., 1984) [7] . By extrapolation and interpolation it is found that the constants a, b and c for the Group 
Thus the mathematical models( equations 1,2,3,4,5, and 6-pertaining to HRA; 14(or) 15 and 16 (or) 17 -pertaining to fm) developed are used to predict the volume fraction of martensite and hardness respectively without conducting the trials on Induction hardening furnace [8, 9] .
VALIDATION OF THE MODEL
In this study Induction hardening is carried out on AISI 1040, AISI 4140, AISI 4340, AISI 1050, AISI 6150 and AISI 9255. These types of steel materials chosen for the studies because such steels are typical candidate materials for a variety of automobile components especially Rack that require local hardening [10] Similarly, for the other materials also the Ms Temperature is calculated and given in Table 3 . Random trials are carried out by varying the process variables P, Q and S by subjecting the G1 and G2 materials in the Induction hardening furnace and the temperature Tq (Quenchant temperature at which fraction of martensite is formed) is measured using thermocouple. Hardness of the each specimen is measured using Rockwell hardness tester in HRA.
The volume fraction of marteniste (experimental) is found as per the calculation given below for the material AISI 1040, (Ms = 375.3 from Table 3 Tables 4-9 for the G1 and G2 materials.
RESULTS AND DISCUSSION
Micro structural analysis [12] of Induction hardened Rack components can provide important information regarding material properties, reliability and intensity of surface hardening process. The photo micrographs [13] of the Induction hardened specimens are studied. The surface hardness for the different heat treatment conditions for the materials AISI 1040 AISI 4140, AISI 4340, AISI 1055, AISI 6150 and AISI 9255 are measured and reported in the Table  2 .
From the microstructures of medium carbon steels (Figs.  1-6 ) it is evident that there is a considerable conversion of austenite to martensite at the outer surface which improves the hardness in Induction hardened components. It is seen from the Tables 4-9 under optimal conditions that the volume fraction of martensite is almost 95% for both the G1 and G2 materials and also the required hardness (79 -82 HRA) is obtained.
Because of the temperature dependent non-linear properties in Induction hardening process, analytical solution is very difficult to obtain [14] . When surfaces with complex geometric shape are heat treated the problems become more cumbersome. It must also be remembered that cooling curves are difficult to obtain in Induction hardening applications [15] . Hence, mathematical models will allow engineers/metallurgists to experiment with the critical process variables such as Power potential, Scan speed Quench flow rate and Frequency before expensive investment or unforeseen failures in mass produced items.
A Mathematical Model (details are given in the Table 10 ) to predict volume fraction of martensite and hardness in the Induction hardening process has been developed for the Group 1 and Group 2 materials.
Comparisons between the theoretically simulated and experimental results are shown in the Tables 4-9. It can be observed that there is a good agreement between the two results. The difference between the results (error) may be attributed to the lack of precision in measurement of Tq. It can also be seen that there is a reduction in the starting temperature of Martensite formation (Table 3) when the carbon percentage increases from 0.35 -0.55. However, the addition of alloying elements improves the properties like wear resistance, corrosive resistance, ductility etc. but decreases the hardness.
CONCLUDING REMARKS •
Microstructural analysis indicates that there is a moderate conversion of austenite to martensite (Phase Transformations) at the outer surface which improves the Hardness in Induction hardened components.
• A Mathematical Model (details are given in the Table  11 ) to predict volume fraction of martensite and hardness in the induction hardening process has been developed. It is shown that the numerical predictions of the hardened layer are in good agreement with the experimental results. where, P-Power Potential in kW/inch 2 . S-Scan speed in m/min. Q-Quench flow rate in liters/min.
